Objectives: To elucidate the role of the pcm-tolCsm operon in the multidrug resistance of Stenotrophomonas maltophilia.
Introduction
Efflux pumps play a key role in drug resistance. Bacterial drug efflux pumps have been grouped into five families: the ATPbinding cassette (ABC) family, the major facilitator family (MFS), the multidrug and toxic compound extrusion (MATE) family, the small multidrug resistance (SMR) family, and the resistance-nodulation division (RND) family. 1 The RND-type efflux pump generally consists of an inner membrane RND transporter, a periplasmic membrane fusion protein (MFP) and an outer membrane protein (OMP). This tripartite organization can directly extrude a variety of compounds from the cytoplasm into the external environment. 2 AcrAB-TolC of Escherichia coli was the first recognized RND-type efflux pump. 3 acrA and acrB, but not tolC, form an operon. tolC is constitutively expressed in an independent transcript. Later, several RND efflux pump operons were reported in E. coli. Interestingly, none of them is recognized to be equipped with its own OMP gene. The RND efflux systems in E. coli have evolved to share a single tolC allele as their OMP, e.g. AcrAB, AcrCD, AcrEF, MdtABC and MdtEF. 3 -7 In addition, TolC is equipped not only with the RND-type tripartite efflux pumps, but also with the MFS-and ABC-type tripartite efflux pumps (Table S1 , available as Supplementary data at JAC Online). Similarly, Vibrio cholerae non-O1 harbours six RND efflux pumps, but none of the six putative operons contains a gene encoding the outer membrane component. TolCvc is the sole OMP recognized so far. 8 The RND efflux systems of Pseudomonas aeruginosa generally encode their own cognate OMP. Of the 11 RND-type efflux pump operons in P. aeruginosa, 9 six efflux pump operons are equipped with their own cognate OMP gene-mexAB-oprM, mexCD-oprJ, mexEF-oprN, mexGHI-opmD, mexPQ-opmE and muxABCopmB. 10 -15 The efflux pumps of mexJK, mexMN, mexVW and mexXY are two-gene operons and their cognate OMP has been proven to be the product of oprM, which is co-transcribed with mexAB (Table S1 , available as Supplementary data at JAC Online). 14,16 -18 It is apparent that the cognate OMP of a certain RND efflux pump can be shared by different RND efflux pump systems in P. aeruginosa. The opmH gene, a tolC homologue in P. aeruginosa, is located in an independent transcript and not co-transcribed with its cognate RND transporter and MFP genes. To date, TriABC is the sole efflux pump reported to be assembled with OpmH. 19 Similar systems can be found in Helicobacter pylori, where the RND efflux system generally contains its own distinct OMP. 20 Stenotrophomonas maltophilia, an opportunistic human pathogen, shows a significant degree of intrinsic resistance to a variety of antibiotics. 21 According to the genome sequences of S. maltophilia K279a, 22 eight putative RND-type efflux systems, SmeABC, SmeDEF, SmeGH, SmeIJK, SmeMN, SmeOP, SmeVWX and SmeYZ, can be found. Of the eight RND-type efflux systems, SmeABC, 23 SmeDEF 24 and SmeVWX 25 have their own cognate OMPs. However, the smeGH, smeIJK, smeMN, smeOP and smeYZ operons are devoid of an OMP gene. Moreover, the OMP components of these efflux pumps have not yet been published. Given the central role of TolC in efflux pumps and antibiotic resistance in Enterobacteriaceae, 26 the TolC homologue in S. maltophilia is of great interest. We report here the cloning and characterization of the tolC homologue and the impact of its loss on susceptibility to antimicrobials, detergents, dyes, toxins and oxidizing agents in S. maltophilia.
Materials and methods

Bacterial strains, plasmids and primers
The bacterial strains, plasmids and primers used in this study are summarized in Table 1 . Luria-Bertani broth and agar were used as the growth media unless otherwise stated. Complementary strains were maintained with 30 mg/L tetracycline. PCR primers were designed based on the S. maltophilia K279a genome sequence. 22 
Phylogenetic analysis
Multiple sequence alignment of the assayed proteins was produced using the ClustalX software program. Phylogenetic analysis was performed using Phylip package 3.69. The Kimura model was used for the calculation of protein distance. The bootstrap number was obtained in 1000 replications.
Construction of deletion mutants
A homologous recombination strategy was used for the mutant construction. Plasmids pDTolC and pDPCM, derivative plasmids of pEX18Tc, 27 were used for the construction of the deletion mutants KJ2DPCM, KJ2DTolC and KJ2DPCMDTolC. Chromosomal DNA for a PCR template was prepared from S. maltophilia KJ. 28 The two PCR amplicons containing the partial N terminus and C terminus of the pcm gene were obtained separately by PCR using the primer sets PCM5-F/PCM5-R and TolC5-F/TolC5-R, and then subsequently cloned into pEX18Tc to yield pDPCM. The resulting pDPCM carried the pcm gene with the internal 410 bp deletion. Similarly, PCR amplicons primed by the primer sets TolC5-F/TolC5-R and TolC3-F/TolC3-R were subsequently cloned into pEX18Tc to generate pDTolC, which contained an internal-deletion tolCsm gene. Plasmids pDPCM and pDTolC were transformed into E. coli S17-1, which was subsequently conjugated with S. maltophilia KJ. The plasmid-borne deletions were transferred onto the S. maltophilia KJ chromosome by double cross-over homologous recombination, and the resultant mutants were obtained by norfloxacin (2.5 mg/L)/tetracycline (30 mg/L) and then 10% sucrose selection. The genotype of the resultant mutants was confirmed by colony PCR. 29 The double mutant was sequentially constructed from the single mutant through the same procedure.
Susceptibility testing
The MICs of the various compounds were determined in a MuellerHinton medium by the 2-fold agar dilution method according to CLSI recommendations. 30 After 18 h of incubation at 378C, the lowest concentration of the drug without visible signs of growth was reported as the MIC.
Complementation assay
The PCR fragments containing the pcm gene alone, the tolCsm gene alone, and the pcm and tolCsm genes together were amplified from the chromosomal DNA of S. maltophilia KJ using the primer sets PCM-F/PCM-R, TolC5-F/TolC3-R and PC-F/PC-R, respectively (Table 1) . These PCR fragments were cloned into vector pRK415, 31 resulting in the inserted genes being arranged in the same orientation as the lacZ promoter of the pRK415 vector. Each complementation plasmid was introduced into S. maltophilia via conjugation. As a control, the same strain was also transformed with an empty plasmid pRK415. Acquisition of the appropriate plasmid was confirmed by a colony PCR method. 29 
Disc diffusion assay
Overnight cultures of each complementary strain were independently diluted to 10 4 cfu/mL. Mueller-Hinton agar plates supplemented with tetracycline (30 mg/L) were independently overlaid with the suspension of the complementary strain. Paper discs (6 mm in diameter; BD, BBL TM ) individually impregnated with amikacin (2048 mg/L) and gentamicin (2048 mg/L) were then placed on the inoculated agar plates. The inhibition zone (in mm) was measured around each disc after 24 h of standing at 378C.
RT-PCR and quantitative real-time PCR (qRT-PCR)
Total RNA was extracted from exponential-phase bacterial cells using the PureLinkTM Total RNA Purification System (Invitrogen, Carlsbad, CA, USA) according to the manufacturer's protocol. Residual DNA was removed by the treatment of RNase-free DNase (Invitrogen). The DNA-free RNA was ready for RT-PCR and qRT-PCR.
For RT-PCR, a primer of TolC-RT ( Table 1 ) that annealed at the 3 ′ -end of the tolCsm transcript was used to generate cDNA. Primers for RT-PCR (PCIG-F/PCIG-R) are listed in Table 1 . Expression of the 16rDNA was used as an internal positive control. The RT-PCR product was analysed by 2% agarose gel electrophoresis.
For qRT-PCR, cDNA was synthesized using the MMLV Reverse Transcriptase 1st-Strand cDNA Synthesis Kit (Epicentre Biotechnologies, Taiwan). qRT-PCR was performed with the programmed ABI Prism 7000 Sequence Detection System (Applied Biosystems) using the Smart Quant Green Master Mix (Protech Technology Enterprise Co., Ltd). The primers PCMQ-F/PCMQ-R and TolCQ-F/TolCQ-R (Table 1) were used for the assessment of pcm and tolCsm transcripts, respectively. The expression of each gene was normalized to that of the rpoB gene using the 2 2DDCT method. 32 Each experiment was performed three times.
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Nucleotide sequence accession number
The nucleotide sequences of S. maltophilia KJ pcm-tolCsm operon have been deposited in GenBank under accession no. KC316003.
Results and discussion
Analysis of the S. maltophilia pcm and tolCsm genes
To identify the tolC homologue in S. maltophilia, the protein sequence of E. coli TolC (accession number AAC76071) was used as a query for a genome-wide search of the S. maltophilia K279a genome. 22 The protein encoded by Smlt3928 in the S. maltophilia K279a genome shares significant homology (32% identity and 54% similarity) with the E. coli TolC protein and will hereafter be referred to as S. maltophilia TolCsm. The gene upstream of tolCsm, with a short intergenic region of 16 bp, is pcm (Smlt3927), which may encode a protein-L-isoaspartate O-methyltransferase (PCM). To assess the presence of the pcm-tolCsm operon, RT-PCR was carried out. The primers (PCIG-F/PCIG-R) ( Table 1) for RT-PCR targeted the 3 ′ terminal end of the pcm gene and the 5 ′ terminal end of the tolCsm gene. An expected PCR amplicon of 251 bp was observed, indicating that the pcm and tolCsm genes are in the same transcript.
PCR amplification using primers PC-F and PC-R (Table 1 ) yielded a 2411 bp amplicon containing the complete pcm and tolCsm genes of S. maltophilia KJ, which were cloned and 
pcm-tolCsm operon of Stenotrophomonas maltophilia sequenced. The deduced amino acid sequence encoded by the 648 bp pcm gene displayed 68% -69% identity with the PCM proteins of Xanthomonas spp. and 62% -63% identity with the PCM proteins of Xylella spp. The 452 amino acid TolCsm showed identity with a number of bacterial TolC homologues: 67% -73% with those of Xanthomonas spp., 68% with those of Xylella spp., 33% -34% with those of Pseudomonas spp., and 32% -33% with those of Enterobacteriaceae. The pcm-tolCsm operon is highly conserved in the five sequenced S. maltophilia genomes (strains K279a, R551-3, D457, JV3 and Ab55555) and the encoded PCM and TolCsm proteins with 99% identity between the different strains. In addition, the pcm-tolC module is also found in the genomes of several microorganisms, including Xanthomonas spp., Xylella spp., Francisella tularensis, 33 Frateuria aurantia DSM 6220, Halothiobacillus neapolitanus C2 and Thioalkalivibrio sulfidophilus HL-EbGr7. Nevertheless, involvement of PCM in the function of TolC has not yet been reported.
A phylogenetic analysis was performed to assess the evolutionary relationships of TolCsm to 14 OMPs of functionally characterized tripartite pumps of E. coli, P. aeruginosa and S. maltophilia (Table S1 and Figure S1 , available as Supplementary data at JAC Online) and TolCvc from V. cholera. 8 TolCsm, OpmH from P. aeruginosa (the orthologue of E. coli TolC), TolCvc and TolC from E. coli appeared to form a distinct group, which was denoted as the TolC-like clade. A common feature of the proteins in the TolC-like clade is that the four proteins are encoded by genes that are not flanked by genes encoding the cognate inner membrane transporter and MFP. Unlike tolC, opmH and tolCvc, tolCsm is not transcribed alone and is located in a pcm-tolCsm operon.
TolCsm is involved in multidrug resistance of S. maltophilia
Because the tolC mutant has been shown to have compromised resistance to a variety of agents in Gram-negative bacteria, the role of TolCsm in susceptibility to different agents was assessed. Since S. maltophilia KJ harbours two active b-lactamases, L1 and L2, 28 the contribution of TolCsm to non-b-lactamase-mediated b-lactam resistance may be shielded. Therefore, we used the KJ2 strain (an L1 and L2 double-mutant of strain KJ) 25 as the parent strain for the following study. For simplicity, the term 'b-lactam resistance' will represent non-b-lactamase-mediated b-lactam resistance. To determine whether the TolCsm protein is involved in drug resistance, the susceptibilities of strains KJ2 and KJ2DTolC to 30 compounds were evaluated, including antimicrobials (b-lactam, chloramphenicol, quinolone, tetracycline, aminoglycoside, macrolide and trimethoprim/sulfamethoxazole) and other compounds (detergents, dyes, toxins and oxidizing agents). Of the 30 compounds tested, KJ2DTolC showed an increased susceptibility to 26 compounds compared with the parent strain KJ2, with MICs reduced 2-to 32-fold ( Table 2) . Inactivation of tolCsm caused significant decreases in the MICs of aminoglycoside, moderate decreases in the MICs of macrolide and trimethoprim/sulfamethoxazole, and slight decreases in the MICs of b-lactam, chloramphenicol, nalidixic acid and doxycycline. The MICs of norfloxacin, tetracycline, 2-chlorophenylhydrazine hydrochloride (CHH) and proflavine were indistinguishable between KJ2, KJ2DTolC and KJ2DPCM, indicating that the intrinsic resistance to norfloxacin, tetracycline, CHH and proflavine is independent of PCM and TolCsm. As a consequence, the DtolCsm-derived increase in susceptibility may not result from non-specific leakage of the compounds tested owing to the cell wall defect.
It is widely known that TolC-dependent tripartite machineries play an active and central role in the extrusion of a variety of noxious molecules from Gram-negative bacteria. 26 The TolCsm of S. maltophilia, like several TolCs reported in other Huang et al.
microorganisms, has the following characteristics: (i) the tolCsm gene is unlinked to those encoding the proteins of the innermembrane transporter and MFP; (ii) the tolC gene is intrinsically expressed; and (iii) disruption of tolCsm leads to significant increases in susceptibility to a broad spectrum of agents, including antimicrobials, detergents, dyes, toxins and oxidizing agents. Moreover, based on the phylogenetic analysis, TolCsm is included in the TolC-like clade ( Figure S1 , available as Supplementary data at JAC Online), displaying its close phylogenetic relationship with the TolC of E. coli. Therefore, TolCsm may function as a promiscuous OMP and can interact with more than one efflux system as required. Of the eight annotated RND-type efflux systems in S. maltophilia, the smeGH, smeIJK, smeMN, smeOP and smeYZ operons are devoid of the cognate OMP genes. Recently, the substrate spectrums of SmeIJK and SmeYZ have been elucidated. 34 The antimicrobial susceptibilities affected by DsmeZ partially overlap those for DtolCsm proposed in this study, such as susceptibility to aminoglycoside, supporting the view that TolCsm may function as a cognate OMP for SmeYZ. Moreover, the compromised resistance to macrolide and chloramphenicol in KJ2DTolC is absent in the condition of smeIJ and smeZ inactivation, suggesting that TolCsm may associate with other efflux pumps in addition to SmeIJK and SmeYZ. The ongoing works focus on the determination of TolCsm partners and substrates of TolCsm-dependent efflux systems in S. maltophilia.
The role of pcm in the expression and function of tolCsm
Because the pcm and tolCsm genes form an operon, the pcm deletion strain (KJDPCM) was constructed to assess the effect of Dpcm on the expression of tolCsm. The Dpcm allele had a polar effect on the downstream co-transcribed tolCsm, as evidenced by the qRT -PCR showing that the amount of the tolCsm transcript in KJ2DPCM was half of that in strain KJ2. The susceptibilities of strains KJ2, KJ2DPCM and KJ2DTolC were comparatively evaluated. KJ2DPCM and wild-type KJ2 showed a comparable susceptibility (≤2-fold MICs) to the compounds tested except for amikacin and gentamicin (Table 2) . Since Dpcm has a polar effect on the expression of the tolCsm gene, it is not immediately clear whether the compromised amikacin and gentamicin resistance observed in strain KJ2DPCM results from loss of the pcm gene or the decreased expression of the tolCsm gene. This was therefore further elucidated by complementation assay. The plasmids containing pcm (pPCM), tolCsm (pTolC) and pcm-tolCsm (pPCM-TolC) genes were used to complement the mutant KJ2DPCMDTolC. The expression of the complemented genes in the complementary strain was evaluated by qRT -PCR (Table 3 ). Owing to the fact that KJ2DPCM mainly displays a compromised resistance to amikacin and gentamicin, the susceptibility of these complementary strains to amikacin and gentamicin was evaluated by disc diffusion assay. As shown in Figure 1 , no substantial change in the inhibition zone was observed in the strain complemented with pcm alone [KJ2DPCMDTolC(pRK415) versus KJ2DPCMDTolC(pPCM)], indicating that PCM alone makes little contribution to aminoglycoside resistance. However, the expression of tolCsm and pcm-tolCsm in trans increased the aminoglycoside resistance of the mutant KJ2DPCMDTolC to an equivalent level [ Figure 1 ; KJ2DPCMDTolC(pTolCsm) versus KJ2DPCMDTolC(pPCM-TolCsm)], supporting the fact that the presence of PCM hardly affected the function of TolCsm in amikacin and gentamicin resistance. Therefore, the compromised amikacin and gentamicin resistance observed in KJ2DPCM (Table 2 ; KJ2 versus KJ2DPCM) should result from decreased expression of the tolCsm gene, which occurs via the polar effect of pcm inactivation. TolCsm can function as a cognate OMP for versatile inner membrane transporter complexes. Decreased amounts of TolCsm apparently compromised the resistance to aminoglycoside (Table 2 ; KJ2DTolC), suggesting that a TolCsm-associated tripartite efflux pump, which favours aminoglycoside extrusion, is less effectively formed when the level of the TolCsm protein is decreased.
A significant feature of TolCsm different from that of other tolC homologues of Enterobacteriaceae is that tolCsm is not transcribed alone, but is transcribed with the pcm gene. Amino acid homologies have suggested a possible role for PCM in catalysing pcm-tolCsm operon of Stenotrophomonas maltophilia the repair of damaged L-isoaspartyl and D-aspartyl groups in proteins. PCM may thus function by assisting the TolCsm in a functional state. Nevertheless, the activity of PCM has not yet been assessed. Therefore, the function of PCM cannot be concluded. Based on the results of susceptibility testing (Table 2 ) and the complementation assay (Figure 1) , we can at least conclude that: (i) the intrinsic resistances of S. maltophilia KJ to norfloxacin, tetracycline, CHH and proflavine are PCM-and TolCsm-independent; (ii) the in-frame deletion of pcm causes a polar effect on the expression of downstream tolCsm gene, which has little influence on resistance to the compounds tested except for amikacin and gentamicin; and (iii) the compromised resistance to amikacin and gentamicin mediated by Dpcm appears to result from a decreased expression of TolCsm. The protein encoded by the pcm gene is less related to the function of TolCsm protein in the resistance to amikacin and gentamicin.
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